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SUMMARY 
S i x   p a r a l l e l   p l a n e   t h e r m i o n i c   c o n v e r t e r s   w e r e   b u i l t   a n d   t e s t e d   t o  
i d e n t i f y  t h e  m o s t  p r o m i s i n g  e l e c t r o d e  s u r f a c e s .  T a b l e  1 i n d i c a t e s  t h e  e l e c t r o d e  
m a t e r i a l s  u s e d  a n d  t h e  s p a c i n g s  t e s t e d .  
T h e   e m i t t e r s  were  ca re fu l ly  p repa red  and  se l ec t ed  fo r  t he i r  un i fo rmi ty  
and  h igh  degree  of s p e c i a l  c r y s t a l  o r i e n t a t i o n .  T h e  r e p o r t  d e s c r i b e s  e a c h  
c o n v e r t e r  a n d  s u m m a r i z e s  e a c h  c o n v e r t e r  p e r f o r m a n c e .  S e v e r a l  f i g u r e s  
c o m p a r e  t h e i r  o u t p u t  p e r f o r m a n c e s .  
A s  p r e d i c t e d  b y  t h e  e x p e r i m e n t s  of H. F. Webster ,  the  (110)  p lanes  of 
t ungs t en  (W)  a re  the  bes t  p l anes  to  be  exposed  fo r  t he  su r faces  of W emitters.  
The  (1  10 )  p l anes  of W a r e  t h e  m o s t  s t a b l e  a n d  o f f e r  e x c e l l e n t  p r o s p e c t s  f o r  
long life, s t a b l e ,  h i g h  p e r f o r m a n c e  emitters.  
T h e   e m i t t e r   t h a t   e x h i b i t e d   t h e  best  i n i t i a l   p e r f o r m a n c e   w a s  a f ace t ed  
emi t t e r  c r ea t ed  by  e t c .h ing  a (100)  su r face  to  expose  the  (110)  p l anes .  Th i s  
e m i t t e r  l o s t  p a r t  of i t s  p e r f o r m a n c e  a s  a r e s u l t  of o p e r a t i o n  f o r  22 hour s  a t  
2133OK. 
T h e   i n a d v e r t e n t   i n c l u s i o n  of oxygen   i n   one   conve r t e r   demons t r a t ed   t he  
h i g h   p e r f o r m a n c e   a t  low TE ( e m i t t e r   t e m p e r a t u r e )   r e p o r t e d   b y   o t h e r   o b s e r v e r s .  
At  high TE v a l u e s ,  t h e  p r e s e n c e  of oxygen  r educes  the  ou tpu t  power  and  g rea t ly  
sho r t ens   t he   l i f e  of t h e   c o n v e r t e r   b y   t r a n s p o r t i n g  emitter m a t e r i a l   t o   t h e  
c o l l e c t o r .  
When  compared  to  the  pe r fo rmance  o f  t he  n iob ium (Nb)  co l l ec to r ,  t he  
n i cke l  (N i )  co l l ec to r  was  found  to  be s u p e r i o r .  T h e  c o n v e r t e r  w i t h  a W(110) 
emi t t e r  and  a Ni  co l lec tor  had  the  best o u t p u t  p e r f o r m a n c e .  T h i s  i s  a t t r i b u t e d  
to  the  (110)  c r y s t a l   o r i e n t a t i o n  of t he  W emitter a n d  t o  t h e  p e r f o r m a n c e  of Ni 
a s  a c o l l e c t o r  m a t e r i a l .  A n  a t t e m p t  t o  c o m p a r e  N b  w i t h  M o  f o r  c o l l e c t o r s  w a s  
T a b l e  1. 
E m i t t e r  
( A )  Polyc rys t a l l i ne   Tungs ten  
(B)  Vapor   Deposi ted (100)  W ,  (110)  E t c h  
(C 1 Vapor  Deposi ted  (110)  W 
(D 1 Vapor  Deposi ted  (1   10)  W 
(E) Vapor   Deposi ted  (112)   to   (114)  W 
(F 1 Vapor  Deposi ted (1 10) W 
Spacing 
Col lec tor   ( Inches)  
Nb 0. 001 t o  0.020::: 
Nb 0 . 0 0 1  t o  0 .020 
Ni 0. 0 0 5  
Nb 0. 002  t o  0 . 0 2 0  
W t W 0 2  on Nb 0 . 0 0 2  t o  0 . 0 2 0  
Mo and Nb 0. 005 to   0 .020  
::This converter  did not  have a guard r ing.  
unsuccessful ,  but  did point  out  the diff icul ty  of putting a th in   coa t ing  of Mo 
on a Nb c o l l e c t o r   t o   i m p r o v e  a c o n v e r t e r ' s   p e r f o r m a n c e .  
A n   a p p e n d i x   c o m p a r e s   t h e   o u t p u t   p e r f o r m a n c e  of t h e s e   c o n v e r t e r s  
w i th   t he   pe r fo rmance  of o t h e r   c o n v e r t e r s   r e p o r t e d   i n   t h e   l i t e r a t u r e .  
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INTRODUCTION 
T h i s   w o r k   w a s   p a r t  of a p r o g r a m   t o   b u i l d   a n d   o p e r a t e   t h e r m i o n i c  
c o n v e r t e r s   w i t h   v a r i o u s   e l e c t r o d e   m a t e r i a l s   i n   o r d e r   t o   c h a r a c t e r i z e ,   e v a l u a t e  
and  iden t i fy  the  mos t  . p romis ing  e l ec t rode  su r faces  fo r  conve r t e r  ope ra t ion .  
T h e  d e s i g n  of t h e  t e s t  c o n v e r t e r  w a s  c o n c e i v e d  a n d  s t a n d a r d i z e d  i n  1 9 6 3 .  It 
p e r m i t t e d   a n   a c c u r a t e   d e t e r m i n a t i o n  of t h e   e l e c t r o d e   s p a c i n g   a n d   u s e d  a gua rd  
r ing  to  accu ra t e ly  de f ine  the  co l l ec to r  a r ea .  The  gua rd  r ing  cou ld  be  ke .p t  a t  
t h e  s a m e  t e m p e r a t u r e  a n d  . p o t e n t i a l  a s  t h e  c o l l e c t o r .  T h e  first 6 l i n e s  of 
T a b l e  2 l i s t  t h e  e l e c t r o d e  m a t e r i a l s  a n d  t h e  s p a c i n g s  f o r  6 conve r t e r s  bu i l t  
a c c o r d i n g  t o  t h e  1 9 6 3  d e s i g n .  T h e  o u t p u t  p o w e r  f r o m  t h e s e  c o n v e r t e r s  w a s  
cons i s t en t ly   h igh   and   va r i a t ions   i n   ou tpu t   power   cou ld  be exp la ined   by  
v a r i a t i o n s  i n  e l e c t r o d e  s u r f a c e s .  
In  1966,  under  NASA s p o n s o r s h i p ,  t h e  p r o g r a m  w a s  a l t e r e d  i n  t w o  
r e s p e c t s :  ( 1 )  a m o r e  e l a b o r a t e  c o n v e r t e r  w a s  b u i l t  s o  t h a t  t h e  e l e c t r o d e  
spac ing  of t he  conve r t e r  cou ld  be  va r i ed ,  and  ( 2 )  a m u c h  m o r e  i n t e n s i v e  
p r o g r a m  t o  c h a r a c t e r i z e  t h e  e m i t t e r s  w a s  i n a u g u r a t e d .  T h e  NASA p r o g r a m ,  
c o v e r e d   b y   T a s k  I11 of C o n t r a c t  NAS 3 -8511 ,   began   w i th   t he   f i r s t   va r i ab le  
s p a c e d  d i o d e  t e s t e d - - n a m e l y ,  i t e m  A of T a b l e  2 .  Six c o n v e r t e r s ,  i t e m s  A 
t h r o u g h  F ,  w e r e  b u i l t  a n d  t e s t e d  o n  t h i s  p r o g r a m .  T h e  t e s t  r e s u l t s  a r e  
documen ted   i n   t he   r e f e rences   l i s t ed   i n   t he   t ab l e .  
T h i s   S u m m a r y   R e p o r t   b r i e f l y   d e s c r i b e s   t h e  test a p p a r a t u s ,   t h e  
c h a r a c t e r  of t he  e l ec t rodes  be fo re  and  a f t e r  t e s t ing ,  t he  obse rved  pe r fo rmance  
and  p rov ides  a d i s c u s s i o n  of t he  r e su l t s .  In  an  append ix ,  a c o m p a r i s o n  is 
m a d e   w i t h   o t h e r   p u b l i s h e d   c o n v e r t e r   t e s t s .  
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Tab le  2. 
Emitter 
Spa c ing 
C olle c t o r   ( Inches)  
Polycrys ta l l ine   Tungs ten  (1) Ni  
Polycrys ta l l ine   Rhenium (1 Ni 
Polycrys ta l l ine   Rhe ium ( 2 ,  314)  Ni
Polycrys ta l l ine   Tungs ten  (4, 5)  Ni 
Polycrys ta l l ine   Tungs ten  (5) W 
W-25 w / o  Re  Ni  
Polycrys ta l l ine   Tungs ten  ( 7 ,  8) Nb 
Vapor  Deposited (100)  W ,  (110)   E tch  ( 9 )  Nb 
Vapor  Deposited (1 10)  W (1 0)  Ni 
Vapor  Deposited  (1 1 0 )  W (1 1)  Nb 
Vapor  Deposited  (112)  to  (114) W (12) W t WO2 on  Nb 
Vapor  Deposited  (1  10) W (1 3 )  Mo and  Nb 
( 6 )  
0.005 
0.005 
0.002 
0.002 
0.002 
0.005 
0 .001   t o  0.020:k 
0.001 to  0 .020 
0.005 
0.002 t o  0.020 
0.002 t o  0.020 . 
0 .005  t o  0 .020 
::This converter  did not  have a guard r ing.  
DESCRIPTION OF TEST  APPARATUS 
F i g u r e  1 is a c r ' o s s   s e c t i o n  of t he  test f a c i l i t y   w i t h   c o n v e r t e r  A mounted 
f o r  test. T h e  c o l l e c t o r ,  6 Z - shaped  l egs ,  and  a w a t e r - c o o l e d  r i n g  w e r e  
m a c h i n e d  f r o m  a so l id  p iece  of v a c u u m  c a s t  N b .  T h e  l e g s  a c t e d  a s  a hea t  
c h o k e .  T w o  e l e c t r i c  h e a t e r s  w e r e  u s e d  t o  a d j u s t  t h e  c o l l e c t o r  t e m p e r a t u r e .  
T h e   e m i t t e r   w a s   s u p p o r t e d   o n  a t h i n   t a n t a l u m   ( T a )   c y l i n d e r   m o u n t e d   o n  a l a r g e  
e m i t t e r  r a d i a t o r .  T h e  c e r a m i c - t o - m e t a l  s e a l  a s s e m b l y  h a d  a f lex ib le  
d i a p h r a m  t o  p e r m i t  v a r i a t i o n  of t he  e l ec t rode  s .pac ing .  The  emi t t e r  r ad ia to r  
w a s  c l a m p e d ,  w i t h  r u b y  s p h e r e s  f o r  i n s u l a t i o n ,  t o  t h r e e  a d j u s t a b l e  l e g s .  
T h e s e   l e g s   w e r e   c o u p l e d   t o  a p l a n e t a r y   g e a r   s y s t e m  s o  tha t   t he   t h ree   l egs  
could  be  moved up  or  down s imul taneous ly .  Each  leg  had  a m i c r o m e t e r  
s c r e w  f o r  l e v e l i n g  t h e  e m i t t e r .  T h e  e n t i r e  a s s e m b l y  w a s  c o v e r e d  w i t h  a 
vacuum bel l  j a r .  However ,  the  base  p la te  had  a r e e n t r y  c h a m b e r  t o  h o u s e  
t h e  g e a r  t r a i n ;  t h e r e f o r e ,  t h e  t r a i n  c o u l d  b e  o p e r a t e d  i n  a i r  a n d  c o u l d  b e  
lubr ica ted  wi th  o i l .  A Sy lphon  be l lows  was  p rov ided  a s  a m o v a b l e ' v a c u u m  
s e a l  o n  e a c h  l e g .  T h e  e m i t t e r  w a s  h e a t e d  f r o m  a b o v e  . b y  e l e c t r o n  b o m b a r d m e n t .  
E x c e p t  f o r  c o n v e r t e r  A (po lyc rys t a l l i ne  W ) ,  e a c h  of the other  f ive 
c o n v e r t e r s  had a g u a r d  r i n g  s u r r o u n d i n g  t h e  c o l l e c t o r .  T h e  c o l l e c t o r  a n d  
g u a r d   i n   t h e s e   d e v i c e s   c o u l d   b e   k e p t   a t   t h e   s a m e   t e m p e r a t u r e   a n d   e l e c t r i c a l  
p o t e n t i a l ;   e q u a l   t e m p e r a t u r e s   a r e   n e c e s s a r y   t o   k e e p   t h e   c e s i u m  ( C s )  c o v e r a g e  
and ,  t hus ,  t he  work  func t ion  of t he  co l l ec to r  and  gua rd  the  same .  In  o rde r  t o  
i m p r o v e  t h e  C s  enve lope  in t eg r i ty ,  t he  M O  and Ni  par t s  for  conver te r  F w e r e  
changed  to  Nb. 
E a c h   e m i t t e r   w a s   e x a m i n e d   b e f o r e   a n d   a f t e r   o p e r a t i o n   i n   t h e   c o n v e r t e r .  
Usua l ly   t he   emi t t e r  used was one of fou r   o r   f i ve   p repa red   and   examined   fo r  
un i fo rmi ty .  Af t e r  a mechan ica l  po l i sh  and  an  e l ec t ropo l i sh ,  each  emi t t e r  
was  hea ted  in  vacuum to  2500 C f o r  a ha l f  hour .  Vacuum work  func t ion  
m e a s u r e m e n t s  w e r e  m a d e  b e f o r e  a n d  a f t e r  t h i s  t r e a t m e n t .  A n  x - r a y  
d e t e r m i n a t i o n   w a s   m a d e   o f   t h e   a v e r a g e   c r y s t a l   o r i e n t a t i o n  of t h e   m a t e r i a l  
n e a r  t h e  s u r f a c e .  T h e  e m i t t e r  w a s  t h e n  g i v e n  a l i g h t  e t c h  t o  f o r m  e t c h  p i t s .  
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Figure 1. Test Facility, Converter A Mounted. 
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This  technique ,  deve loped  by  H. F. W e b s t e r ,  p r o v e d  v a l u a b l e  i n  e s t i m a t i n g  
wha t  f r ac t ion  of t he  su r face  had  a p a r t i c u l a r  d e s i r e d  o r i e n t a t i o n .  T h e  p i t s  
w e r e  r e m o v e d  b y  a second  e l ec t ropo l i sh .  F ina l ly ,  t he  ave rage  vacuum work  
funct ion of the  emitter w a s   d e t e r m i n e d   b y   s a t u r a t i o n   e m i s s i o n   v e r s u s   t e m p e r a -  
t u re .  The  e l ec t rode  exa .mina t ion  a f t e r  ope ra t ion  in  a c o n v e r t e r  c o n s i s t e d  of 
a v i sua l   obse rva t ion   fo l lowed   by   an   x - r ay   ana lys i s   fo r   o r i en ta t ion   and   ana lys i s  
of any   obse rved   depos i t   and   i n   one   ca se  ~n A u g e r   a n a l y s i s  of t h e   s u r f a c e  
compos  i t ion.  
8 
TEST PROCEDURES 
T h e   e l e c t r o n   b o m b a r d m e n t   f o r   t h e  emitters w a s   c o n t r o l l e d   b y  a 
c i r cu i t   t ha t   mon i to red   t he   bombardmen t   cu r ren t   and   ad jus t ed   t he   f i l amen t  
t e m p e r a t u r e  t o  ho ld  the  bombardmen t  cu r ren t  a t  a s e l e c t e d  l e v e l .  The 
emitter t e m p e r a t u r e   w a s   d e t e r m i n e d   b y   a n   o p t i c a l   p y r o m e t e r   o b s e r v a t i o n  of 
a b l ack -body  cav i ty .  Each  gua rd  and  each  co l l ec to r  had  th ree  the rmocoup les  
i n s e r t e d   i n   d e e p   h o l e s   t o   m o n i t o r   t e m p e r a t u r e s   c l o s e   t o   t h e   e l e c t r o d e   s u r f a c e s .  
One  the rmocoup le  was  used  to  ac tua t e  a t e m p e r a t u r e  c o n t r o l l e r ,  t h e  o t h e r  
t w o  w e r e  m o n i t o r s .  T h e  c e s i u m  r e s e r v o i r  w a s  c o n t r o l l e d  b y  a s p e c i a l l y  
c o n s t r u c t e d  c o n t r o l l e r  o p e r a t i n g  f r o m  t h e r m i s t o r  s e n s o r s .  I n  a d d i t i o n ,  
t h e r e   w e r e   t w o   t h e r m o c o u p l e   m o n i t o r s .  
C o n v e r t e r  J - V  c u r v e s   w e r e   t a k e n   b y   d r i v i n g   t h e   c o n v e r t e r s  a t  60 c y c l e s .  
A s p e c i a l  c i r c u i t ,  d e s i g n e d  a n d  b u i l t  a t  G e n e r a l  E l e c t r i c ' s  R e s e a r c h  a n d  
D e v e l o p m e n t  C e n t e r ,  c o n v e r t e d  t h e  60 -cyc le  s igna ls  to  about  0. 1 c y c l e  p e r  
s e c o n d  a n d  t h e  c u r r e n t  d e n s i t y  (J)  and  e l ec t rode  po ten t i a l  (V)  w e r e   r e c o r d e d  
o n  a n  x, y r e c o r d e r .  S i m i l a r  c i r c u i t s  w e r e  u s e d  f o r  s p e c i a l  t e s t s  s u c h  a s  
e l e c t r o d e  e m i s s i o n  m e a s u r e m e n t s  f o r  w o r k  f u n c t i o n  d e t e r m i n a t i o n .  U s u a l l y  
t h e s e  o b s e r v a t i o n s  w e r e  r e c o r d e d  d i r e c t l y  o n  t h e  x ,  y r e c o r d e r .  M o r e  
d e t a i l e d   d e s c r i p t i o n s  of t h e   m e a s u r i n g   t e c h n i q u e s   a r e   g i v e n   i n   t h e   a p p e n d i x  
of NASA r e p o r t  NASA CR-1033.  
W h e n  d r a w i n g  h e a v y  c u r r e n t s ,  t h e r e  i s  a n  a p p r e c i a b l e  t e m p e r a t u r e  
d r o p  i n  t h e  1 / 4 - i n c h - t h i c k  W e m i t t e r .  A d e s c r i p t i o n  of the method for  
c a l c u l a t i n g   a n d   c o r r e c t i n g   f o r   t h i s   e f f e c t  is g iven   i n   t he   t op ica l   r epor t   fo r  
c o n v e r t e r  F (NASA CR-1699) .  
I n  c a l i b r a t i n g  t h e  o p t i c a l  p y r o m e t e r  w h i l e  t e s t i n g  c o n v e r t e r  F, it w a s  
d i s c o v e r e d  t h a t  a c o n s i s t e n t   e r r o r  of 22 K had  been  made  in  a l l  p rev ious  
m e a s u r e m e n t s .  A l l  t h e  T E  v a l u e s  p r e v i o u s l y  r e - p o r t e d  w e r e  22OK too high. 
T h e   T E   v a l u e s   g i v e n   i n   t h i s   S u m m a r y   R e p o r t   h a v e   b e e n   c o r r e c t e d .  
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TEST RESULTS 
A br i e f   r ev iew  wi l l   be   g iven  of t h e   c h a r a c t e r i s t i c s  of t h e   e l e c t r o d e  
s u r f a c e s  of the  six c o n v e r t e r s ,   t h e  test r e s u l t s   a n d   t h e  NASA r e p o r t   n u m b e r  
tha t  con ta ins  the  spec i f i c  de t a i l ed  conve r t e r  i n fo rma t ion .  
. A .  POLYCRYSTALLINE W E M I T T E R  AND  Nb COLLECTOR 
(NASA CR-1033) 
T h i s   t h e r m i o n i c   c o n v e r t e r   w a s   t h e   o n l y   o n e  of t h e   s e r i e s   t h a t   d i d   n o t  
have a gua rd  r ing .  A c r o s s  s e c t i o n  o f  t h e  c o n v e r t e r  i s  s h o w n  i n  F i g u r e  1. 
B e f o r e  a s s e m b l y ,  t h e  p o l y c r y s t a l l i n e  e m i t t e r  w a s  h e a t e d  t o  250OoC fo r  a 
ha l f  hour  in  vacuum.  The  work  func t ion  in  vacuum of t h e  emitter w a s  4. 58  eV 
a t  2200'K. I n   t h e   p r e s e n c e  of C s  t h e  m i n i m u m  w o r k  f u n c t i o n  of t he  co l l ec to r  
was  1 .  55 eV.  The  cu rves  of F i g u r e  2 a r e  enve lopes  of J - V  c u r v e s  f o r  a 
7 - m i l  s p a c i n g  a t  v a r i o u s  e m i t t e r  t e m p e r a t u r e s .  F i g u r e  3 i l l u s t r a t e s  t h a t  
t h i s   conve r t e r   p roduced   abou t  0. 1 vol t   lower   ou tput   than   prev ious ly   t es ted  W 
a n d  W - 2 5  w / o  R e  e m i t t e r  c o n v e r t e r s  w i t h  N i  c o l i e c t o r s .  F i g u r e  4 shows the  
oup tu t  power  ve r sus  TE  fo r  J = 5 and  10  Amp/cm and  fo r  5 - ,  l o - ,  and 
20 -mi l  spac ings .  No t i ce  tha t  a t  h i g h  T E  t h e  c l o s e r  t h e  s p a c i n g  t h e  h i g h e r  
t he  ou tpu t  power  whereas  a t  l ow TE the  r eve r se  i s  t rue .  A t  1800°K,  one  
obtains  equal  output  a t  5 -  and  10-mi l  spac ings .  
2 
B .   FLUORIDE  VAPOR  DEPOSITED  W(100)   EMITTER  ETCHED  TO 
EXPOSE (110)  PLANES AND  Nb COLLECTOR (NASA CR-1381) 
The  second conver te r  had  a f l uo r ide  vapor  depos i t ed  emi t t e r  w i th  the  
(100)  p l anes  o r i en ted  .pa ra l l e l  t o  t he  emi t t e r  p l ane .  Th i s  emi t t e r  was  e t ched  
to  p roduce  a mul t ip l i c i ty  of f ace t s  w i th  the  (110)  p l anes  exposed .  These  
p l anes  were  inc l ined  45O r e l a t i v e  t o  t h e  (100) p l a n e s .  T h e r e f o r e ,  t h e  s u r f a c e  
w a s  a mass  of in te rsec t ing  p lanes  inc l ined  45  f r o m  t h e  b u l k  s u r f a c e .  T h e  
co l l ec to r  was  Nb. Th i s  conve r t e r  had  a Nb guard  r ing .  The  co l lec tor  and  
g u a r d  c o u l d  b e  k e p t  a t  t h e  s a m e  e l e c t r i c a l  p o t e n t i a l  a n d  t e m p e r a t u r e s .  I n  
sp i t e  of t h e  l o w e r  p e r f o r m a n c e  of the  Nb co l l ec to r ,  t h i s  conve r t e r  p roduced  
except iona l ly  h igh  output  power  as  i l lus t ra ted  by  Figure  5. Notice 30 A m p / c m  
a t  1 volt. 
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F i g u r e  6 s h o w s  t y p i c a l  J - V  c u r v e s  f o r  c o n v e r t e r  B a t  T - 1650, 1844, E -  
and 2133OK and  10-mi l  spac ing .  A J - V  c u r v e  a t  2 - m i l  s p a c i n g  w a s  a d d e d  t o  
show  the   i nc rease   i n   ou tpu t   t ha t   can   be   ob ta ined   a t   c lo se   spac ing   a t   h igh   emi t t e r  
t e m p e r a t u r e s .  
F i g u r e  7 shows  the  ou tpu t  power  dens i ty  ve r sus  TE f o r   c o n v e r t e r  B 
f o r  5 A m p / c m 2  a n d  1 0  A m p / c m 2  f o r  5 - ,  l o - ,  and  20 -mi l  spac ings .  Th i s  
shows the  output  power  for  5 A m p s / c m 2   a n d   5 - m i l   s p a c i n g   t o   b e   l o w e r   w h e n  
c o m p a r e d  t o  t h e  1 0 -  and 20-mil  spacing for  TE<180O0K. Such a condi t ion could 
b e   d u e   t o   t h e   r e d u c e d   n u m b e r  of e n c o u n t e r s   b e t w e e n   e l e c t r o n s   a n d   a t o m s  s o  
tha t  insuf f ic ien t  vo lume ioniza t ion  occurs  to  overcome space  charge .  This  
p robab ly  exp la ins  the  f igu re  "S" s h a p e  of t h e   c u r v e   f o r  5 A m p / c m 2  a n d  5 - m i l  
spac ing .  Not ice  tha t  aga in  a t  5 Am,p/cm2 and  be low TE = 1800°K, the best  
ou tput  i s  ob ta ined  a t  20-mi l  spac ing .  
An  ou t s t and ing  cha rac t e r i s t i c  of t he  e t ched  emi t t e r  was  tha t  i t  p roduced  
the  max imum ou tpu t  powers  a t  c o m p a r a t i v e l y  l o w  C S  v a p o r  p r e s s u r e s .  T h i s  
i s  p robab ly  the  r e su l t  of a s t rong  adso rp t ion  o f  C s  on the (110)  planes which 
l o w e r s   t h e   n e c e s s a r y  C s  p r e s s u r e   t o   o b t a i n   t h e   o p t i m u m  C s  c o v e r a g e  on the  
e m i t t e r .  T h e  l o w e r  C s  p r e s s u r e  r e d u c e s  t h e  e l e c t r o n  s c a t t e r i n g  i n  t h e  p l a s m a  
and a pa r t i cu la r  p l a sma  vo l t age  lo s s  i s  ob ta ined  a t  a m u c h  w i d e r  s p a c i n g .  
A l s o ,  a b e t t e r  C s  coverage  on  the  co l lec tor  a t  t he  lower  C s  p r e s s u r e  s l i g h t l y  
i n c r e a s e s  t h e  o u t p u t  v o l t a g e .  T h e  i n c r e a s e d  s u r f a c e  a r e a  of the  e tched  
e m i t t e r   a p p e a r s   t o   i n c r e a s e   t h e   e f f e c t i v e   c u r r e n t   d e n s i t y .  
Af te r  21 .  8 h o u r s  of opel-ation at  2133 K ,  the output of t h i s  c o n v e r t e r  
deg raded  somewha t ;  however ,  i t  s t i l l  p roduced  more  power  than  the  s imi l a r  
c o n v e r t e r  w i t h  t h e  p o l y c r y s t a l l i n e  W e m i t t e r .  T h e  d e g r a d a t i o n  w a s  c a u s e d  
b y   t h e r m a l   e t c h i n g  of t he   su r f ace   wh ich   rounded   t he   sha rp   edges   and   va l l eys  
of t he  (1  10 )  f ace t s .  Th i s  r educed  the  su r face  a rea  s l i gh t ly ;  bu t  more  
i m p o r t a n t l y ,  it ex-posed W c r y s t a l  p l a n e s  t h a t  had l e s s  d e s i r a b l e  o r i e n t a t i o n s .  
I n  t e r m s  of t he  work  func t ion ,  t he  f ina l  su r f ace  was  pa t chy .  Pa tchy  work  
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f u n c t i o n   s u r f a c e s   a r e   n o t   i d e a l   f o r   t h e r m i o n i c   c o n v e r t e r   e m i t t e r s   b e c a u s e  it 
is i m p o s s i b l e  t o  o p t i m i z e  t h e  C s  p r e s s u r e   f o r   o p t i m u m   C s   c o v e r a g e  of a l l  
p a t c h e s .  
C.  CHLORIDE  VAPOR  DEPOSITED  W(110)   EMITTER  AND A Ni 
COLLECTOR (NASA  CR-1416). 
T h e   t h i r d   ~ o n v e r t e r ' ~ )  had a f ixed  spac ing  of 0. 005 i n c h .  T h e  e m i t t e r  
was  ch lo r ide  vapor -depos i t ed  W w i t h   t h e   ( 1 1 0 )   c r y s t a l   p l a n e s   p a r a l l e l   t o   t h e  
s u r f a c e .  T h e  c o l l e c t o r  a n d  g u a r d  r i n g  w e r e  N i .  A n  i m p o r t a n t  f e a t u r e  of t h i s  
c o n v e r t e r   d e s i g n   w a s   t h a t   t h e   s p a c i n g   w a s   e s t a b l i s h e d  by W s p a c e r   p i n s  set 
i n  A 1 2 0 3  c u p s  i n  t h e  g u a r d  r i n g .  B e c a u s e  of t h e  m e t i c u l o u s  w o r k  of 
M r .  H e n r y  G u t h a n ,  t h e  m a c h i n i s t ,  i t  is be l i eved  tha t  t he  spac ing  of t h i s  
c o n v e r t e r   w a s   u n i f o r m   a n d   a c c u r a t e   t o  - i- 0. 0002 i n c h .   T h i s   c o n v e r t e r   w a s  
t h e  best  t e s t e d .  
F i g u r e  8 s h o w s   t h e   p o w e r   d e n s i t y   v e r s u s  TE a t  5 A m p / c m 2   a n d  
1 0  A m p / c m 2  a t  t h e  f i x e d  5 - m i l  s p a c i n g .  T h e  N i  c o l l e c t o r  w a s ,  i n  p a r t ,  
r e spons ib l e  fo r  t he  h igh  ou tpu t .  The  (110)  c rys t a l  o r i en ta t ion  of t h e  e m i t t e r  
a l so   con t r ibu ted   t o   t he   h igh   ou tpu t   by   p roduc ing  a un i fo rm  work   func t ion   t ha t  
e n a b l e d  t h e  C s  p r e s s u r e  t o  be op t imized  fo r  t he  en t i r e  su r face .  S ince  th i s  
s u r f a c e  o r i e n t a t i o n  i s  t h e  m o s t  s t a b l e ,  o n e  e x p e c t s  t h e  emitter t o  m a i n t a i n  
its good  p rope r t i e s .  A l though  the  conve r t e r  was  ope ra t ed  fo r  on ly  abou t  
40 h o u r s ,   t h e r e   w a s   n o   i n d i c a t i o n  of a reduct ion  in  output  power  wi th  opera t ion .  
P h o t o m i c r o g r a p h s  of t h e   c e n t r a l   a r e a  of the emitter t aken   be fo re   and   a f t e r  
o p e r a t i o n   s h o w e d   t h e   e x a c t   g r a i n   s t r u c t u r e   a n d   n o   c h a n g e   i n   s u r f a c e  
a p p e a r a n c e .  
D.   CHLORIDE  VAPOR  DEPOSITED  W(110)   EMITTER  AND  Nb  COATED 
WITH W AND NbC COLLECTOR (NASA CR-1702)  
T h e  f o u r t h  c o n v e r t e r  w a s  a v a r i a b l e  s p a c e d  c o n v e r t e r  of t h e  s a m e  
d e s i g n  a s  t h e  s e c o n d  e x c e p t  f o r  a mod i f i ca t ion  of t he  emitter s t r u c t u r e .  A 
5 -mi l - th i ck  W-Re  fo i l  was  used  to  suppor t  t he  emi t t e r .  The  emi t t e r  of t h e  
f o u r t h   c o n v e r t e r   w a s   s i m i l a r   t o   t h e   e m i t t e r  of t h e   t h i r d   c o n v e r t e r - - n a m e l y ,  
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W ( l l 0 ) .  I n  f a c t ,  f r o m  c r y s t a l  o r i e n t a t i o n ,  e t c h  p i t t i n g  a n d  w o r k  f u n c t i o n  
m e a s u r e m e n t s ,  t h e  t w o  emitters a p p e a r e d  i d e n t i c a l .  T h e  c o l l e c t o r  w a s  Nb. 
F i g u r e  9 gives  the  output  power  of c o n v e r t e r  D v e r s u s  T f o r  5 A m p / c m  
a n d  1 0  A m p / c m -  a n d  v a r i o u s  s p a c i n g s .  B y  c o m p a r i n g  F i g u r e s  8 and 9 ,  one 
m a y  o b s e r v e  t h a t  a t  TE 1673 K ,  the  output  power  of t h i s  c o n v e r t e r  w a s  
c o m p a r a b l e  t o  t h e  c o n v e r t e r  C - - W ( l l O ) - N i .  H o w e v e r ,  w i t h  i n c r e a s i n g  
emitter t e m p e r a t u r e s ,  t h e  o u t p u t  of t h e  W ( l l 0 ) - N b  c o n v e r t e r  p r o g r e s s i v e l y  
became  lower  than  the  ou t ,pu t  o f  t he  W(110) -Ni  conve r t e r .  Fo r  example ,  a t  
1 0  A m p / c m  , 5-mi l  spac ing ,  and  TE  = 2133'K, t h e  W ( l l 0 ) - N b  c o n v e r t e r  
deve loped  1 .  175  Vol t s  a t  the  e lec t rodes  as  compared  wi th  1. 425 Volts  for  
t h e   W ( l l 0 ) - N i   c o n v e r t e r .  
2 
3 
E 
0 
2 
The  output  of t h e  c o n v e r t e r  a p p e a r e d  t o  be s t a b l e  w i t h  time. T h a t  i s ,  
the fall-off of p e r f o r m a n c e   r e l a t i v e   t o   t h e   W ( l l 0 ) - N i   c o n v e r t e r   d i d   n o t   a p p e a r  
t o   b e  a funct ion of t i m e   r a t h e r   t h a n  T H o w e v e r ,  a s  h a s  b e e n  o b s e r v e d  w i t h  
o t h e r  c o n v e r t e r s ,  4c a p p e a r e d  t o  c h a n g e  if t h e  c o n v e r t e r  w a s  left fo r  
s e v e r a l  d a y s  a t  r o o m  t e m p e r a t u r e .  U n d e r  o p e r a t i n g  c o n d i t i o n s ,  t h e  c o n v e r t e r  
w o u l d  r e t u r n  t o  its i n i t i a l  J - V  c u r v e s  a f t e r  a n  h o u r  o r  t w o  of o p e r a t i o n .  T h i s  
o b s e r v a t i o n  s u g g e s t s  t h a t  $c r e t u r n e d  t o  s o m e  e q u i l i b r i u m  c o n d i t i o n  aftt.r 
a f ew hour s  of ope ra t ion .  A p o s t - t e s t  e x a m i n a t i o n  r e v e a l e d  t h a t  t h e  c o l l e c t o r  
had a coa t ing  of e l e m e n t a l  W and a s m a l l  a m o u n t  of NbC. T h e  e m i t t e r  
r e m a i n e d   c l e a n   a n d   r e t a i n e d  its (1 10)  o r i en ta t ion .  
E' 
E. A W(112)   TO  (114)   EMITTER  AND W t W 0 2  ON  Nb COLLECTOR 
(NASA  CR  -1  661) 
~- __l__l 
T h e   s t r u c t u r e  of t h i s   c o n v e r t e r   w a s   t h e   s a m e   a s   f o r   c o n v e r t e r  D. 
T h e   e m i t t e r   s u r f a c e   f o r   t h e   f i f t h   c o n v e r t e r   w a s  a 0. 020- inch - th i ck laye r  of 
f l uo r ide  vapor  depos i t ed  W on a 1 / 4 - i n c h   d i s k  of G e n e r a l   E l e c t r i c   w e l d a b l e  
g r a d e  W. B e f o r e  a s s e m b l i n g  t h e  c o n v e r t e r ,  x - r a y  d i f f r a c t i o n  t e s t s  v e r i f i e d  
t h a t  t h e  emitter s u r f a c e  w a s  ( 1 0 0 )  o r i e n t e d  W. The  vacuum work  func t ion  of 
t he  emitter w a s   m e a s u r e d   t o  be 4. 57  eV a t  2200OK be fo re  a s sembly .  Moun ted  
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i n   t h e c o n v e r t e r ,   t h e   e m i t t e r   v a c u u m   w o r k   f u n c t i o n   a t   2 2 0 0  K w a s  4. 52 e V   a n d  
a t  2300°K w a s  4. 56 eV.  Af t e r  i n t roduc ing  the  Cs ,  t he  co l l ec to r  had  a m i n i m u m  
work   func t ion  of 1. 54  eV. 
0 
Dif f i cu l t i e s  were  encoun te red  du r ing  the  ou tgass ing ;  however ,  it w a s  
t h o u g h t   t h a t   t h e   c o n v e r t e r   w a s   v a c u u m   t i g h t   w h i l e   t h e  Cs  was   d i s t i l l ed   i n to  
t h e  c o n v e r t e r .  D u r i n g  o p e r a t i o n ,  t h e  o u t p u t  c h a r a c t e r i s t i c s  i m p r o v e d ,  
p a r t i c u l a r l y  i n  t h e  f i r s t  f e w  h o u r s .  U p o n  t a k i n g  t h e  c o n v e r t e r  a p a r t ,  a coat ing 
of W and  W02  was  found  on  the  co l l ec to r  and  gua rd .  A l so ,  t he  emi t t e r  had  
r e c r y s t a l l i z e d  s o  t h a t  t h e  e x p o s e d  e m i t t e r  s u r f a c e  c h a n g e d  f r o m  ( 1 0 0 )  c r y s t a l  
p l anes  to  (112) ,  (113) ,  and  (114)  c rys t a l  p l anes .  
T h e   c u r r e n t   d e n s i t y   v e r s u s   v o l t a g e   c u r v e s   w e r e   t a k e n   a f t e r   m o r e   t h a n  
100  hour s  of o p e r a t i o n  a n d  a f t e r  t h e  c o n v e r t e r  a - p p e a r e d  t o  h a v e  m o d e r a t e l y  
s t a b l e  o u t p u t  p e r f o r m a n c e .  T h e s e  J - V  c u r v e s ,  t h e r e f o r e ,  w e r e  f o r  a W(112) 
to  (114)  emi t t e r  and  a c o l l e c t o r  of W t W 0 2  o n  Nb. 
F i g u r e  1 0  s h o w s  t h e  r e m a r k a b l e  p e r f o r m a n c e  a t  l o w  e m i t t e r  t e m p e r a -  
t u re ,  1650°K,  and  wide  spac ing ,  20  mils. T h i s  p e r f o r m a n c e  w a s  p r i m a r i l y  
r e l a t e d   t o   t h e   c o n v e r t e r   o p e r a t i n g   a t   e x c e p t i o n a l l y   l o w  C s  p r e s s u r e s .  
F i g u r e  1 1  s h o w s  t h a t  a t  t h i s  l o w  e m i t t e r  t e m p e r a t u r e  a n d  u p  t o  1 5  
Amp/cm2 the  bes t  ou tpu t  was  ob ta ined  a t  t he  20 -mi l  spac ing .  A t  TE = 1843'K 
and  a t  10  Amp/cm the  most  ou tput  was  obta ined  a t  10-mi l  spac ing  (F igure  12) .  2 
A t  h i g h  e m i t t e r  t e m p e r a t u r e s ,  t h e  o u t p u t  p e r f o r m a n c e  of t h i s  c o n v e r -  
t e r  w a s  l e s s  s p e c t a c u l a r .  F i g u r e  1 3  c o m p a r e s  a J - V  c u r v e  w i t h  a p l a n e  ( l l 0 ) W  
( c o n v e r t e r s  D and E )  e m i t t e r   a n d   c o n v e r t e r  B wi th  a face ted  (110)  on  (100)  
W e m i t t e r .  A t  Tcs = 603OK, the  W(112)(114)  emi t te r  wi th  oxygen present  
produced  a h i g h e r  c u r r e n t  a t  s h o r t  c i r c u i t ,  b u t  t h e  o u t p u t  v o l t a g e  a t  l o w e r  
c u r r e n t   d e n s i t i e s  (<5 A m p s / c m  ) was  abou t  0. 3 Vo l t s  l e s s ' t han  the  o the r  
c o n v e r t e r s .  T h i s  c h a n g e  o f  c h a r a c t e r i s t i c s  w i t h  i n c r e a s i n g  e m i t t e r  t e m p e r a -  
t u r e  i s  a l s o  i l l u s t r a t e d  i n  c u r v e s  E of F igu res  18 ,  19 ,  and  20 .  They  show the  
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ou tpu t  vo l t ages  a s  a funct ion of TE a t  5 ,  10 ,  and  15  Amp/cm and  10 -mi l  
spac ing  and  wi th  T and  TCs  op t imized .  Af t e r  t he  in i t i a l  change  in  cha rac -  
t e r i s t i c s ,   m o s t  of w h i c h  o c c u r r e d  i n  t h e  first 10  hours  of  opera t ion ,  the  
c o n v e r t e r  o p e r a t i o n  r e m a i n e d  s t a b l e  a n d  t h e  f i g u r e  "S"  c u r v e s ,  E ,  could  be  
r e p e a t e d .  T h e s e  o u t p u t  p o w e r  d e n s i t i e s  v e r s u s  T E  f o r  5 A m p / c m  , 1 0  A m p / c m  , 
5 - ,  l o - ,  and  20 -mi l  spac ing  a r e  shown  in  F igu re  14 .  
2 
C 
2 2 
A t  l ow  emi t t e r   t empera tu res   t he   h igh   ou tpu t   power  a t  w ide   spac ing  
and low C s  p r e s s u r e s  is  s i m i l a r  t o  t h e  r e s u l t s  r e p o r t e d  b y  L e v i n e ,  H a r b a u g h ,  
and  Shoemaker  (14 )  fo r  conve r t e r s  w i th  oxygen  de l ibe ra t e ly  in t roduced .  A t  
h i g h   e m i t t e r   t e m p e r a . t u r e s ,   a p p a r e n t l y   t h e   o x y g e n   c a n n o t   r e m a i n  on t h e   e m i t t e r  
and  the  benef ic ia l  e f fec ts  of t he  oxygen  a re  no t  r ea l i zed .  Af t e r  on ly  abou t  
100  hour s  of ope ra t ion ,  t h i s  conve r t e r  had  a h e a v y  l a y e r  of W and W 0 2  on 
t h e  c o l l e c t o r .  T h i s  o b s e r v a t i o n  s u g g e s t s  t h a t  t h e r e  is l i t t le  hope of im-proving 
the  output  per formance  a t  h i g h e r   e m i t t e r   t e m p e r a t u r e s   b y   d i s p e n s i n g   m o r e  
oxygen  in to  the  in t e re l ec t rode  spac ing .  More  oxygen  wi l l  p robab ly  enhance  
t h e  W m a s s   t r a n s f e r   s u c h   a s   t o   s h o r t e n   t h e  life of t h e   c o n v e r t e r .  
F. A -. . W(110) "- " E M I T T E R  - - - : -. AND A MO ON ~- Nb COLLECTOR (NASA CR-1699)  
Di f f i cu l ty   w i th   enve lope   i n t eg r i ty   i n   s eve ra l   p reced ing   conve r t e r s  
p rompted  a des ign  mod i f i ca t ion .  S ince  Nb i s  a g o o d  g e t t e r  m a t e r i a l ,  t h i s  
conve r t e r  was  expec ted  to  have  a l o w e r   p a r t i a l   p r e s s u r e  of oxygen  than  those  
p r e v i o u s l y   t e s t e d .  
B a s e d   o n   o b s e r v a t i o n s   b y   T E C 0 , ( 2 4 ) M o   a p p e a r s   t o   b e  a b e t t e r   c o l l e c t o r  
m a t e r i a l  t h a n  Nb.  Molybdenum a lso  has  a t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  
c l o s e  t o  Nb and f o r m s  a c o m p l e t e  i s o m o r p h o u s  c o n s t i t u t i o n  s y s t e m - - i e . ,  n o  
i n t e r m e d i a t e  p h a s e s .  T h e r e f o r e ,  a d e c i s i o n  w a s  m a d e  t o  f a b r i c a t e  t h i s  
p l a n a r  c o n v e r t e r  u s i n g  a 1500 A l a y e r  of Mo on a I% c o l l e c t o r  b a s e .  I n i t i a l l y  
this co l l ec to r   su r f ace   had  a min imum  work   func t ion   i n  C s  of 1 .  54  eV a t  
TC = 800°K a n d  T C / T C s  = 1. 9 T h e  e m i t t e r  w a s  a ch lo r ide  vapor  depos i t ed  
W(110)   su r f ace   w i th  a vacuum  work   func t ion  of 5. 0 3   e V   f r o m  2075OK t o  230O0K. 
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I n   o p e r a t i o n ,   t h i s   c o n v e r t e r   w a s   v e r y   s i m i l a r   t o  a W ( 1 1 0 ) - N b   c o n v e r t e r .  
T h i s   p e r f o r m a n c e  is i l l u s t r a t e d   b y   F i g u r e   1 5   i n   w h i c h  the so l id  lines a r e   f o r  
a W ( l l 0 ) - N b  c o n v e r t e r  a n d  t h e  d a s h e d  l i n e s  a r e  f o r  t h i s  W ( l l O ) - M o  o n  Nb. T h e  
s imi l a r i t y   i n   t he   ou tpu t  of t h e   t w o   c o n v e r t e r s  is a l s o   i l l u s t r a t e d   b y   F i g u r e  16. 
F i g u r e  17 g ives  the  ' power  dens i ty  ve r sus  TE  fo r  conve r t e r  F a t  5 A m p / c m  2 
and 10  Amp/cm2 and  fo r  5-, l o - ,  a n d  2 0 - m i l  s p a c i n g s .  T h e  e x t r e m e l y  low 
va lue  of output a t  low T E ,  1 0  A m p / c m 2  a n d  2 0 - m i l  s p a c i n g  a p p e a r s  t o  b e  f o r  
t he  oppos i t e  r eason  g iven  fo r  t he  low va lues  a t  5 -mi l  spac ing  fo r  F igu re  7. 
C o n v e r t e r  F operated about  20°C higher  in  Cs v a p o r   . p r e s s u r e   t h a n   c o n v e r t e r s  
B ,  C ,  and D wi th  W(110)  su r faces .  The  co r re spond ing ly  h igh  C s  p r e s s u r e  
and  the  wide  spac ing  resu l t s  in  a high pd S O  t h a t   t h e r e   w a s   e x c e s s i v e   e l e c t r o n  
sca t t e r ing  in  the  p l a sma .  
A f t e r  o p e r a t i o n ,  t h e  c o n v e r t e r  w a s  t a k e n  a p a r t  a n d  a n  A u g e r  a n a l y s i s  
w a s  m a d e  of t he  co l l ec to r  su r face .  As  one  migh t  suspec t  f rom the  conve r t e r  
c h a r a c t e r i s t i c s ,  t h e  s u r f a c e  w a s  n o t  a l l  Mo;  i t  cons i s t ed  of e q u a l  a m o u n t s  of 
Nb and Mo.  After  taking the J - V  c u r v e s ,  t h e  m i n i m u m  4c w a s  still 1.  54 e V ,  
wh ich   sugges t s   t ha t   t he  Nb d i f f u s e d   t o   t h e   s u r f a c e   d u r i n g   s e v e r a l   h o u r s  of 
ou tgass ing  the  co l l ec to r  a t  900°C before  admit t ing the Cs .  T h i s  first a t t e m p t  
shows tha t  i t  may be  d i f f icu l t  to  produce  and  kee .p  a th in  Mo l aye r   on  a Nb 
c o l l e c t o r   b a s e   w i t h o u t   e n c o u n t e r i n g   s e r i o u s   d i f f u s i o n  of Nb t o   t h e   s u r f a c e .  
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COMPARISON OF OUTPUT PERFORMANCES AND DISCUSSION 
F i g u r e s  18, 1 9  a n d  2 0  g i v e  t h e  v o l t a g e  a t  t h e  e l e c t r o d e s  v e r s u s  TE 
fo r  f ive  of t h e  c o n v e r t e r s  a t  1 0 - m i l  s p a c i n g  f o r  5 ,  10, a n d  1 5  A m p / c m  
w i t h  TC and TCs op t imized .  Conver t e r  B wi th  the  e tched  face ted  emitter 
p r o d u c e d  t h e  m o s t  o u t p u t  p o w e r .  C o n v e r t e r  E which  had  oxygen present  is 
n e x t  b e s t  a t  l o w  TE v a l u e s .  C o n v e r t e r s  A ,  D ,  a n d  F p r o d u c e d  c o m p a r a b l e  
ou tpu t s .  Th i s  compar i son  wou ld  sugges t  t ha t  po lyc rys t a l l i ne  W is about  the 
s a m e  a s  o r i e n t e d  W ( 1 1 0 )  a s  a n  emitter s u r f a c e .  T h e  p o l y c r y s t a l l i n e  W w a s  
g iven  a h i g h  t e m p e r a t u r e  t r e a t m e n t .  T h i s  c o n v e r t e r  h a s  n o t  b e e n  t a k e n  
a p a r t ,  b u t  o t h e r  s a m p l e s  of the  same k ind  of W sub jec t ed  to  the  same  po l i sh  
a n d  h e a t  t r e a t m e n t  s h o w  a h igh  pe rcen tage  of ( 1 1 0 )   c r y s t a l l i t e   s u r f a c e s   a s  
r evea led  by  e t ch  p i t  examina t ions .  I t  i s  be l i eved  tha t  t h i s  p redominan t  (1  10)  
s u r f a c e  o r i e n t a t i o n  a c c o u n t s  f o r  t h e  h i g h  p e r f o r m a n c e  of t he  po lyc rys t a l l i ne  
e m i t t e r .  
2 
S i n c e  c o n v e r t e r  C had a f ixed  spac ing  of 5 m i l s ,  t o  c o m p a r e  i t  w i t h  
the  o the r  conve r t e r s ,  F igu res  21 ,  22 ,  and  23  were  made  wh ich  g ive  the  
e l e c t r o d e  p o t e n t i a l s  v e r s u s  TE f o r  t h e  s i x  c o n v e r t e r s  a t  5 - m i l  s p a c i n g  a n d  
5 ,  1 0 ,  a n d  1 5  A m p / c m  . At  th i s  c lose  spac ing ,  a s  ment ioned  before ,  the  pd 
p roduc t  fo r  t he  f ace t ed  emi t t e r  i s  t oo  low a t  l ow TE v a l u e s .  F r o m  t h e s e  t h r e e  
f i g u r e s  i t  is  a p p a r e n t  t h a t  c o n v e r t e r  C was  the  ou t s t and ing  conve r t e r .  Mos t  
probably  th i s  is b e c a u s e  of t h e  Ni c o l l e c t o r .  
2 
S o m e  of t h e   s p e c i a l   f e a t u r e s  of t h e s e   c o n v e r t e r s   m a y   b e   d i s c u s s e d  
wi th  the  he lp  of F igu res  24 ,  25 ,  and  26  ( showing  pe r fo rmance  a t  op t imum 
spac ing )  and  wi th  the  he lp  of T a b l e s  3 ,  4,  and 5. F igu re  24  and  Tab le  3 
a r e   f o r  5 A m p / c m  2 . A t   e a c h   e m i t t e r   t e m p e r a t u r e ,   t h e   t a b l e   g i v e s   t h e  
spac ing  and  Tcs fo r  the  ou tpu t  vo l t age  p lo t t ed  in  F igu re  24 .  Fo r  example ,  
f o r  c o n v e r t e r  E a t  TE = 1843OK, the vol tage was for  a 20-mi l  spac ing  and  
a t  Tcs = 553OK (shown 20/553 in  the  tab le) .  
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F i g u r e  25. E l e c t r o d e  P o t e n t i a l  of 6 C o n v e r t e r s  a t  10 A m p e r e s /  
and   Opt imum  Spac ing   Versus   TE.  
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T a b l e  5. SPACING AND TCs FOR 1 5  A m p / c r n 2  
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The h igh  output  vo l tages  of t he  B c o n v e r t e r   a t   T E  1900°K o r   g r e a t e r  
w e r e  f o r  2 -  a n d  1 -mil spac ings .  One  may pos tu la te  tha t  a t  h igh  TE and  c lose  
spac ing  th i s  emitter w a s  g e n e r a t i n g  s u f f i c i e n t  i o n s  b y  s u r f a c e  i o n i z a t i o n  a n d  
a t   c l o s e   s p a c i n g ,   t h e  5 Amp/cm2  cou ld   be   d rawn   w i thou t   t he   he lp  of a d i s c h a r g e  
m o d e  of ope ra t ion   wh ich   gene ra t e   pos i t i ve   i ons   i n   t he   i n t e re l ec t rode   space .  
T h e  J - V  c u r v e  f o r  2 - m i l  s p a c i n g  i n  F i g u r e  6 shows th is  h igh  output  
vol tage and the unusual  shape of  the J - V  c u r v e  a s  compared  wi th  the  one  a t  
T E  = 1844OK and  10-mi l  spac ing  wh ich  is i; m o r e  u s u a l  J - V  c u r v e .  C u r v e s  
A ,  C ,  and D of F i g u r e  2 4  a p p e a r  t o  s h o w  t h i s  e f f e c t  b u t  t o  a m u c h   s m a l l e r  
ex ten t .  A t  10  Amp/cm (F igure  25  and  Tab le  4) on ly  conve r t e r  B shows  the  
unusually high output a t  h igh  TE and  c lose  spac ing .  
L 
A s t u d y  of t h e   t a b l e s   r e v e a l s   t h a t   c o n v e r t e r  E o p e r a t e d   b e s t   a t   t h e  
wides t  spac ing  and  lowes t  C s  p r e s s u r e  ( l o w e s t  T C s ) .  T h i s  w a s  a t t r i b u t e d  t o  
t h e  p r e s e n c e  of oxygen  in  the  conve r t e r .  The  oppos i t e ’e f f ec t  may  be  obse rved  
f o r  c o n v e r t e r  F. It ope ra t ed  a t  h igh  C s  p r e s s u r e s .  T h i s  c o n v e r t e r  w a s  t h e  
a l l - N b  s t r u c t u r e .  Nb is a n  e x c e l l e n t  o x y g e n  g e t t e r ;  s o  p o s s i b l y  t h i s  c o n v e r t e r  
had  the  lowes t  oxygen  par t ia l  p ressure .  These  observa t ions  sugges t  tha t  the  
ou tgass ing  p rocedure  is v e r y  i m p o r t a n t .  T h i s  d e p e n d e n c e  i s  t o  b e  e x p e c t e d  
s i n c e  t h e  o p e r a t i o n  of a t he rmion ic  conve r t e r  depends  upon  mono laye r s  and  
p a r t i a l  m o n o l a y e r s  of a t o m s  on t h e  e l e c t r o d e  s u r f a c e s .  If one could control  
t he  oxygen  pa r t i a l  p re s su re ,  p robab ly  one  wou ld  wan t  a s m a l l  a m o u n t  of 
oxygen  in  each  conve r t e r .  A s  i l l u s t r a t e d  b y  c o n v e r t e r  E ,  ox.ygen could 
improve  the  ou tpu t  a t  l ow va lues  of T E .  H o w e v e r ,  a s  m e n t i o n e d  i n  t h e  r e v i e w  
of c o n v e r t e r  E ,  r a p i d   m a t e r i a l   t r a n s p o r t   t o   t h e   c o l l e c t o r   w i l l   p r o b a b l y  
sho r t en  the  conve r t e r  l i f e  and  l imi t  t he  use  of oxygen  in  conve r t e r s .  
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A s  p r e d i c t e d  b y  t h e  e x p e r i m e n t s  of H. F. Webste , r ,  (15) the (110)  
p l a n e s  of W a r e   t h e  best p l a n e s   t o   b e   e x p o s e d   f o r   t h e   s u r f a c e s  of W e m i t t e r s .  
The  (110)  p l anes  of W a r e  t h e  m o s t  s t a b l e  a n d  o f f e r  e x c e l l e n t  p r o s p e c t s  f o r  
l o n g  l i f e ,  s t a b l e ,  h i g h  p e r f o r m a n c e  e m i t t e r s .  
T h e   e m i t t e r   t h a t   e x h i b i t e d   t h e  best i n i t i a l   p e r f o r m a n c e   w a s  a face ted  
e m i t t e r  c r e a t e d  b y  e t c h i n g  a (100)  su r face  to  expose  the  (1  10 )  . p l anes .  Th i s  
e m i t t e r   l o s t   p a r t  of its p e r f o r m a n c e  a s  a r e s u l t  of ope ra t ion  fo r  22 h o u r s  a t  
2 133OK. 
The   i nadve r t en t   i nc lus ion   o f   oxygen   i n   one   conve r t e r   co r robora t ed   t he  
h i g h  p e r f o r m a n c e  a t  l o w  TE re -por t ed  by  o the r  obse rve r s .  (14 )  A t  h igh  TE  
v a l u e s  t h e  p r e s e n c e  of oxygen  reduces  the  output  power  and  grea t ly  shor tens  
t h e   c o n v e r t e r  life b y   t r a n s p o r t i n g   e m i t t e r   m a t e r i a l   t o   t h e   c o l l e c t o r .  
T h e  c o n v e r t e r  w i t h  a W(110)  emi t t e r  and  a Ni co l lec tor  had  the  bes t  
ou tpu t  pe r fo rmance .  Th i s  is probably  re la ted  to  the  Ni ,  which  has  been  
p r e v i o u s l y  r e p o r t ,  (7 )  t o  b e  a n  o u t s t a n d i n g  c o l l e c t o r  m a t e r i a l .  A n  a t t e m p t  
t o  c o m p a r e  N b  w i t h  Mo f o r  col lectors  was unsuccessful ,  but  did point  out  the 
d i f f icu l ty  of putting a thin coat ing of  Mo  on a Nb c o l l e c t o r   t o   i m p r o v e  a 
c o n v e r t e r  p e r f o r m a n c e .  
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A COMPARISON WITH OTHER PUBLISHED RESULTS 
A r e v i e w   w a s   m a d e  of s e v e r a l   c o n v e r t e r   p e r f o r m a n c e   t e s t s  of 
l a b o r a t o r y   t y p e   t h e r m i o n i c   c o n v e r t e r s   w i t h   v a r i o u s   e l e c t r o d e   m a t e r i a l s   t h a t  
h a v e  b e e n  r e p o r t e d  i n  t h e  p a s t  f e w  y e a r s .  T h i s  r e v i e w  d o e s  n o t  c o n t a i n  a n  
e x h a u s t i v e  l i t e r a t u r e  s e a r c h ;  a n d  if s o m e   i m p o r t a n t   t e s t   r e s u l t s   h a v e   b e e n  
omi t t ed ,  t he  wr i t e r  w i shes  to  apo log ize  to  the  au tho r s .  
S o m e  a u t h o r s  r e p o r t  t e r m i n a l  v o l t a g e s  a n d  s o m e  e l e c t r o d e  v o l t a g e s .  
Where  poss ib l e ,  t e rmina l  vo l t ages  were  co r rec t ed  to  e l ec t rode  po ten t i a l  
d i f f e r e n c e s .  I n  o n e  o r  t w o  c a s e s  w h e r e  it w a s  k n o w n  t h a t  t h e  e m i t t e r  s u r f a c e  
w a s   c o o l e r   t h a n   t h e   b a c k   s i d e   o f   t h e   e m i t t e r ,  a c o r r e c t i o n   w a s   m a d e  s o  that the 
t e m p e r a t u r e  of t h e  emitter su r face  was  used  fo r  t he  . p lo t .  
I t  h a s  b e e n  r e c e n t l y  d i s c o v e r e d  t h a t  i n  p r e v i o u s  t e s t s ,  w h i l e  c a l i b r a t i n g  
o u r  b e l l  j a r ,  m i r r o r  a n d  p y r o m e t e r  s y s t e m ,  w e  m a d e  a c o n s i s t e n t  e r r o r .  
P r e v i o u s l y ,  t h e  t e m p e r a t u r e  of o u r  emitters w e r e   r e p o r t e d  2 2  K h ighe r  t han  
t h e  t r u e  t e m p e r a t u r e .  T h e  f a m i l i e s  of c u r v e s  i n  t h i s  r e p o r t  w e r e  c o r r e c t e d  
f o r   t h i s  22OK a d j u s t m e n t .  
0 
F i g u r e  A - 1  s h o w s  s o m e  of t h e  r e s u l t s  u s i n g  R e  emitters. Some  
c o n v e r t e r s  had  f ixed  spac ings ;  bu t ,  wherever  poss ib le ,  da ta  were  used  for  
T C J ,  Tcs, and spac ing  opt imum.  
Rufeh ,  Lieb  and  van  Someren  (17)  found tha t  e lec t roe tched  Re  produced  
more  ou tpu t  t han  e l ec t ropo l i shed  Re  (see c u r v e s  B and B ' ) .  I t  i s  r a t h e r  
a m a z i n g   h o w   n e a r l y   u n i f o r m   t h e   r e s u l t s   a r e   f o r   s u c h  a v a r i e t y  of c o l l e c t o r s .  
The  band of c u r v e s   a n d   s e p a r a t e   p o i n t s   t h r o u g h   t h e   c e n t r a l   r e g i o n  is f o r  
c o l l e c t o r s  of Mo ,  Nb ,  and  Re .  The  two  uppe r  cu rves  a re  fo r  two  f ixed  
s p a c e d  c o n v e r t e r s  w i t h  N i  c o l l e c t o r s .  T h e s e  e m i t t e r s  w e r e  g i v e n  a high 
t e m p e r a t u r e  t r e a t m e n t  w h i c h  . p r o b a b l y  p r o d u c e d  a t h e r m a l  e t c h .  T h i s  
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t r e a t m e n t   m a y   h a v e   a c c o u n t e d   f o r   t h e   h i g h   o u t p u t ,   b u t   t h e   w r i t e r  believes t h a t  
Ni  is an  ou t s t and ing  co l l ec to r  ma te r i a l  and  the  use  of N i   c o l l e c t o r s   m o r e  
p robab ly   exp la ins   t he   h igh   ou tpu t   pe r fo rmance  of t h e s e   t w o   c o n v e r t e r s .  
B e c a u s e   R e   h a s  a h igh  vacuum work  func t ion ,  it h a s   b e e n   a s s u m e d   b y  
t h e r m i o n i c   c o n v e r t e r   s p e c i a l i s t s   t h a t   R e   w o u l d  be a n   o u t s t a n d i n g   e m i t t e r  
m a t e r i a l .  T h i s  e x p l a i n s  w h y  s e v e r a l  c o n v e r t e r s  h a v e  b e e n  m a d e  a n d  t e s t e d  
u s i n g   R e   e m i t t e r s .  
F o r   c o m p a r i s o n ,   c u r v e  A of F i g u r e  A - 1  w a s   r e p e a t e d   i n   F i g u r e  A -2 
( c u r v e  A ) .  C u r v e  H, the  h ighes t  cu rve  o f  F igu re  A-1 ,  wou ld  f a l l  e s sen t i a l ly  
on  top  of c u r v e  B of F i g u r e  A - 2 .  N o t i c e  t h a t  c u r v e  D - - W ( l l O ) - N i  c o n v e r t e r  
( c o n v e r t e r  C of t h i s   r e p o r t ) - - t h r o u g h o u t   t h e   e m i t t e r   t e m p e r a t u r e   r a n g e  
p roduced  the  mos t  ou tpu t  vo l t age  a t  19  Amp/cm2 of a n y   t h e r m i o n i c   c o n v e r t e r  
r e p o r t e d  t o  d a t e .  A t  t h e  S t r e s a  c o n f e r e n c e ,  it w a s  r e p o r t e d  t h a t  t h e  v a p o r  
d e p o s i t e d   W ( 1 1 0 ) - N i   c o n v e r t e r   ( l o ’  2 5 )  a n d   t h e   s i n g l e   c r y s t a l   W ( l l O ) - M o  (2 4) 
c o n v e r t e r  p r o d u c e d  a l m o s t  i d e n t i c a l  r e s u l t s ;  h o w e v e r ,  w i t h  t h e  22OK 
a d j u s t m e n t  of T m e n t i o n e d  a b o v e  f o r  t h e  v a p o r  d e p o s i t e d  W ( 1 1 0 )  e m i t t e r ,  it 
a p p e a r s   t h a t   t h e   c o n v e r t e r   w i t h   t h e   N i   c o l l e c t o r   p r o d u c e d   m o r e   p o w e r   t h a n  
t h e  c o n v e r t e r  w i t h  a s i n g l e  c r y s t a l  W ( l l 0 )  e m i t t e r  a n d  a M o  c o l l e c t o r .  T h e  
Ni  co l l ec to r  was  5 mils f r o m   t h e   e m i t t e r   a s   c o m p a r e d   w i t h  2 mils fo r  t he  Mo 
c o l l e c t o r .  T h i s  s p a c i n g  d i f f e r e n c e  is in  the  oppos i te  d i rec t i , Jn  to  ex .p la in  the  
d i f fe rence  in  output .  
E 
I t  i s  s u r p r i s i n g  t h a t  a . po lyc rys t a l l i ne  W-Ni  conve r t e r ,  cu rve  E 
(F igure  A-21 ,  p roduced  more  ou tpu t  t han  the  Re-Re  conve r t e r ,  cu rve  A .  
The   po lyc rys t a l l i ne  W e m i t t e r   w a s   g i v e n  a h i g h   t e m p e r a t u r e   h e a t   t r e a t m e n t  
wh ich   i n   p rocess ing  W emitters has   been   shown(31)   t o   have   bene f i c i a l   e f f ec t s .  
I t  i s  be l i eved  tha t  t h i s  hea t  t r ea tmen t  causes  p re fe ren t i a l  g rowth  of the (110)  
o r i e n t e d  c r y s t a l l i t e s  a n d  a l s o  t h e r m a l l y  e t c h e s  t h e  s u r f a c e  t o  e x p o s e  t h e  ( 1 1 0 )  
s u r f a c e  p l a n e s .  T h i s  p r o d u c e s  a l a r g e  p e r c e n t a g e  of h igh  and  near ly  
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FiSure  A - 2 .  A C o m p a r i s o n  of C o n v e r t e r s  with W and  R e  E m i t t e r s .  
5 1  
u n i f o r m  w o r k  f u n c t i o n  s u r f a c e s .  If t h e  s u r f a c e  h a s  a un i fo rm work  func t ion  
f r e e  of "pa tches" ,  then  one  CS pressure  can  be  found to  g ive  maximum conver te r  
o u t p u t  f o r  t h e  e n t i r e  e m i t t e r  s u r f a c e .  If t h e  u n i f o r m  b a r e  w o r k  f u n c t i o n  is 
h igh ,  t hen  the  op t imum Cs  p r e s s u r e  a n d  t h e  e l e c t r o n  s c a t t e r i n g  is low,  which 
p e r m i t s  good  ope ra t ion  a t  w ide  spac ings .  
F i g u r e  A - 3  s h o w s   t h e   p e r f o r m a n c e  of s e v e r a l   c o n v e r t e r s   w i t h  Nb 
c o l l e c t o r s  a n d  v a r i o u s  e m i t t e r s  a t  1 0  A m p / c m  . T h e  u p p e r  c u r v e ,  B ,  g ives  
the output  of c o n v e r t e r  B of t h i s  r e p o r t  w i t h  a f a c e t e d  e m i t t e r .  It m a y  b e  
r eca l l ed   t ha t   t h i s   emi t t e r   was   no t   s t ab le   w i th   t ime .  
2 
(2  3 )  
A s  men t ioned  above ,  t he  h igh  ou tpu t  a t  l ow emi t t e r  t empera tu res  of 
c u r v e  E ( F i g u r e  A - 3 )  i s   p r o b a b l y   d u e   t o   t h e   p r e s e n c e  of oxygen  in  th i s  
c o n v e r t e r .  T h e  s e c o n d  b e s t  e m i t t e r  s u r f a c e  u p  t o  T E  = 2050 K is the va'por 
depos i t ed  W(110)  emi t t e r .  Po lyc rys t a l l i ne  Re  shou ld  have  a h i g h e r  w o r k  
func t ion  than  po lyc rys t a l l i ne  W ,  bu t  t he  comparab le  ou tpu t  of the  W ( c o m p a r e  
c u r v e s  A and F) m a y   b e   b e c a u s e  of t h e  h e a t  t r e a t m e n t  g i v e n  t h e  W. C u r v e  I 
i s  l o w ,  p a r t i c u l a r l y  a t  t h e  h i g h e r  TE va lues ,  because  o f  t he  f ixed  8 -mi l  spac ing .  
T h e   d i f f e r e n c e   b e t w e e n   c u r v e  I and  cu rves  H and J p robab ly  is caused  by  the  
d i f f e r e n c e   i n   t h e   b a r e   w o r k   f u n c t i o n  of t h e s e   t w o   c r y s t a l   p l a n e s .  
0 
F i g u r e  A - 4  c o m p a r e s  f o u r  p l a n a r  c o n v e r t e r s  w i t h  f i x e d  5 - m i l  s p a c i n g s  
and N i  c o l l e c t o r s .  H e r e  a g a i n  t h e  W ( 1 1 0 )  e m i t t e r  is best  above 1850 K. T h e  
m e a s u r e d   w o r k   f u n c t i o n s  of t h e s e   s u r f a c e s   d e t e r m i n e d   b e f o r e   i n t r o d u c i n g  C s  
i n t o   t h e   c o n v e r t e r s   a r e   g i v e n   i n   t h e  box a t  t he  bo t tom of the  f igure .  Not ice  
t h a t  a t  h i g h   e m i t t e r - t e m p e r a t u r e s   t h e   o u t p u t   v o l t a g e   a t  10 A m p / c m 2  is in  the 
s a m e  o r d e r  a s  t he  work  func t ion .  Th i s  i s  i n  ag reemen t  wi th  the  gene ra l  
concept  tha t ,  neglec t ing  a p a t c h y  e m i t t e r  s u r f a c e ,  t h e  h i g h e r  t h e  b a r e  w o r k  
funct ion of t h e   e m i t t e r   s u r f a c e   t h e   b e t t e r .  
0 
L e s s   e f f o r t .   h a s   b e e i 1   m a d e   t o   c a r e f u l l y   p r e p a r e   a n d   c h a r a c t e r i z e  
c o l l e c t o r s  t h a n  e m i t t e r s .  F i g u r e  A - 5  shows output  powers  with W(110)  
e m i t t e r s .  T h e  c o l l e c t o r  s u r f a c e  f o r  c u r v e  C w a s  a m i x t u r e  of Mo  and Nb, 
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and   p robab ly   cu rve  E is l o w   b e c a u s e   t h e r e  is someth ing   d i f f e ren t   abou t   t he  
compos i t e  f luo r ide  p lus  ch lo r ide  vapor  depos i t s .  Assuming  tha t  cu rves  A ,  
B ,  and D r e p r e s e n t  n e a r l y  i d e n t i c a l  e m i t t e r s ,  o n e  m a y  s a y  t h a t  f o r  a c o l l e c t o r  
M o  is c o n s i d e r a b l y  b e t t e r  t h a n  Nb and Ni is s l i gh t ly  be t t e r  t han  Mo.  The  cu rve  
( a v e r a g e   d V  of Ni  over  Nb f r o m   c u r v e s  A and   D)   a t   t he   bo t tom of the  f igure  
s h o w s  t h a t  Ni p roduces  abou t  0. 1 Vo l t  more  ou tpu t  t han  does  Nb. T h e  T h e r m o  
E l e c t r o n   C o r p o r a t i o n  ( 3 3 )  r e p o r t s   t h a t   R e   i n c r e a s e s   t h e   o u t p u t  0. 1 Volt above 
t h a t  of Mo. Holland, Kay and Yates ( 2 7 9  34)  r e p o r t  t h a t  Mo i s  s u p e r i o r  t o  Nb 
a s  a c o l l e c t o r  m a t e r i a i .  T h e  g e n e r a l  c o n s e n s u s  of the  workers  in  the  f ie ld  
is tha t  Nb is not a good  co l l ec to r  ma te r i a l .  
F o r  m a x i m u m  c o n v e r t e r  o u t p u t ,  t h e  rpC m u s t  be a m i n i m u m  a t  t h e  C s  
' p r e s s u r e  a d j u s t e d  f o r  o p t i m u m  C s  c o v e r a g e  of t he  emitter. T h e  l o w e s t  w o r k  
funct ion with C s  has  been  r epor t ed  by  Maly ,  Rapp ,  and  Kluge  ( 3 8 )  of 1 .  25  eV 
for  A1-A1203-Cs  a t  T C / T c s  = 1 . 4  a n d  TCs  = .250°C;  TC t h a n  is 445OC which  
m a y  b e  a l i t t l e  l o w  f o r  t h e r m i o n i c  s p a c e  r e a c t o r  s y s t e m s .  T h e  l o w  w o r k  
f u n c t i o n   s u r f a c e   a p p e a r s   t o  be a n   A l - A 1 2 0 3 - C s   s e m i c o n d u c t o r   w h i c h   i s   u n s t a b l e  
above  45OoC.  After  150  hours of ope ra t ion ,   t he   work   func t ion   a t  T = 225OC 
i n c r e a s e d   t o  a m i n i m u m  of 1 .  7 eV. 
cs 
The   work   func t ion  of N i   i n   s e v e r a l   c o n v e r t e r s   h a s   r e m a i n e d  
cons i s t en t ly  low,  usua l ly  be low 1. 5 eV.  Houston and D e d e r i ~ k ' ~ ~ )  have 
shown  tha t   Ta   and  AIS1 ty .pe   304   s ta in less   s tee l   have   low  work   func t ions   when 
coa ted  wi th  C s .  T h e  c y l i n d r i c a l  c o n v e r t e r s  w i t h  s t a i n l e s s  s t e e l  c o l l e c t o r s  
l i f e   t e s t ed   by   Lawrence   and   Wi l son  ( 3 7 )  had  low  output   vol tages   suggest ing 
h igh   co l l ec to r   work   func t ions .   F igu re  A -6 t aken   f rom  Maly ,   Rapp   and   K luge  ( 3  8) 
m a y   e x p l a i n   w h y   N i   i s   b e t t e r   t h a n   s t a i n l e s s   s t e e l   f o r  a h i g h   t e m p e r a t u r e  
co l l ec to r .  The  low work  func t ion  of t h e  C r - N i  steel  c o m e s  a t  TCs = 473OK 
and TC = 590°K. T h e  d a s h e d  l i n e  w a s  t a k e n  f r o m  L a w r e n c e  a n d  P e r d e w .  (5) 
T h e i r  T C  w a s  830 K a t  t h e  m i n i m u m  i n  t h e  c u r v e .  N o  o n e  h a s  b e e n  a b l e  t o  
a c c u r a t e l y   m e a s u r e  TC u n d e r   n o r m a l   t h e r m i o n i c   c o n v e r t e r   o p e r a t i n g  
condi t ions of T C  = 1000°K.  Presumably  Ni  wi th  a t r a c e  of oxygen in a 
c o n v e r t e r  m a i n t a i n s  a low ces ia ted  work  func t ion  under  the  usua l  opera t ing  
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